The intravenous administration of heparin to patients before open heart surgery reduced ristocetin cofactor activity by 58% (P < 0.01, t test), and this impairment of von Willebrand factordependent platelet function was closely related to plasma heparin levels (r2 = 0.9), but not to plasma von 
Introduction
Hemorrhagic complications of heparin anticoagulant therapy remain a significant clinical problem (1) (2) (3) . Although some studies suggest that bleeding complications may be more common when the anticoagulant effects ofheparin are excessive (as judged by coagulation assays), serious bleeding may occur in spite of satisfactory monitoring and control (2) . Such hemorrhagic complications may be related to actions of heparin which lie beyond its classic interaction with antithrombin III. Hirsh has raised the possibility that heparin interference with Portions of this work were previously presented in abstract form at the 1988 National Meeting of the American Federation for Clinical Research. (Clin. Res. 36:420a.) platelet function may be contributory (1, 4) . Clinical and laboratory investigations have shown that therapeutic doses ofheparin can prolong the bleeding time (5, 6) , and several investigators have noted that heparin in vitro could inhibit ristocetinmediated platelet agglutination (7) (8) (9) . These findings raise the possibility that heparin's interference with platelet function may involve von Willebrand factor (vWF) .' However, little work has been done to elucidate the mechanisms of heparin's action, or to clarify the clinical relevance ofheparin's effects on platelet-vWF interactions.
von Willebrand factor plays several crucial roles in platelet hemostasis: at sites of vascular injury vWF anchors platelets to collagen and other exposed subendothelial elements (10) (11) (12) ; at high shear rates vWF may promote platelet aggregation (13, 14) . Clinical deficiency of vWF results in a major bleeding diathesis (15). More recently, Ruggeri and others have successfully mapped many ofthe functional domains ofthe vWF molecule, providing further insight into the mechanisms by which heparin might actually alter vWF-dependent platelet function (16, 17) . Von Willebrand factor can bind to two distinct platelet glycoprotein receptors, lb and IIb/IIIa, via separate binding domains within the protein. In addition, there are specific domains for binding collagen and heparin. The heparin-binding domain overlaps with the GpIb domain in the region from amino acid 449-728 (17) . This multifunctionality of a single major interactive region of the protein offers one mechanism for heparin interference with vWF-dependent platelet function.
The goal of this work was to investigate how heparin might impair critical platelet hemostatic functions, specifically via vWF-dependent mechanisms. Studies of clinical patients receiving heparin demonstrated statistically significant inhibition ofvWF-dependent platelet function at the time ofheparinization. The observations made in heparinized patients were then confirmed by in vitro assays of ristocetin-induced agglutination and vWF-platelet binding in which heparin was added to normal pooled plasma. We have used unfractionated pharmaceutical heparin as well as homogenous heparins to determine the precise dose-response inhibition of vWF-dependent platelet function. Finally, we have demonstrated that heparin inhibition appears to be caused by direct binding of heparin to vWF in solution, rather than heparin binding to the platelet surface or to ristocetin.
Methods

Reagents
The following items were purchased: ristocetin, from Bio Data Corp. (Hatboro, PA); anti-von Willebrand factor antibodies, from Atlantic
Platelet preparations
Platelet rich plasma (PRP) was prepared from fresh citrated blood (final concentration oftrisodium citrate of0.38%) from normal, medication free donors, by differential centrifugation at 160 g for 12 min at room temperature. Formaldehyde fixed platelets (FP) were prepared by fixation of PRP with an equal volume of 2% buffered formaldehyde for 1 h at 370C; the platelets were washed twice in tris-buffered saline (TBS: 0.05 M Tris, 0.1 M NaCl, pH 7.4) and resuspended in the same buffer at a concentration of 400,000/,ul. For aggregometry and flow cytometry, the FP were diluted 1:1 with normal pooled plasma. Pooled citrated plasma was prepared from 15-20 normal drug free volunteers and stored in aliquots at -70°C. Gel filtration of fixed platelets was performed according to Tangen (18) on Sepharose 2B (Pharmacia Fine Chemicals, Piscataway, NJ) in TBS without apyrase.
Platelet aggregometry
Platelet aggregation in response to ristocetin or purified vWF was measured in a Scienco (Morrison, CO.) two channel aggregometer, as previously described ( 19) . Platelet counts were adjusted to 200,000/h1.
To study the effects of heparins, samples of fresh PRP or FP in normal pooled plasma were preincubated with the stated concentrations of heparin or TBS buffer control for 10 min before adding the agonist.
Results were expressed as a percentage of the maximal response of control samples (unheparinized = 100%), and termed aggregation for PRP and agglutination for FP.
Clinical studies
Citrated whole blood was obtained from patients about to undergo coronary artery bypass procedures. All gave informed consent according to a protocol approved by the Committee on the Conduct of Human Research at Virginia Commonwealth University. All patients were free ofmajor hemostatic defects and none had significant valvular heart disease. A baseline (control) sample was obtained 24 h before surgery. Subsequent samples were obtained at designated intervals before and after the administration ofintravenous heparin. Ristocetin-induced platelet agglutination was measured at each time point, using washed, pooled fixed platelets from normal donors suspended in the individual patient's platelet poor plasma samples obtained at the appointed intervals. A threshold concentration of ristocetin (0.75-1.0 g/ liter) was chosen for each patient to produce maximal agglutination: using this constant dose of ristocetin the agglutination response at each timepoint was quantified as a percentage of the control value obtained 24 h before surgery. Separate aliquots of platelet free plasma were stored at -70°C for later heparin and vWF-antigen assays. The antifactor Xa anticoagulant activity of heparin in plasma was determined by the chromogenic substrate method of Teien (20) 
l2SI-vWFplatelet binding assay
Purification of vWF. Human vWF was purified from cryoprecipitate using a modification of the procedures of Newman et al. (22) and Switzer & McKee (23) . In brief, vWF was isolated by a series ofethanol and polyethylene glycol precipitations and by gel filtration on Sepharose CL-4B. Fractions from the column were monitored for ristocetin cofactor activity using fixed platelets, for protein by bicinchoninic acid assay (24) and for purity by reduced 5% SDS-PAGE (25) . Fractions containing the highest specific activity (typically, 100-150 plasma equivalent U/mg) and greatest purity (> 95%) were pooled and stored frozen in aliquots at -80°C.
Radioiodination ofvWF. Purified vWF (10-15 ug) was radioiodinated with lodobeads (26), using 100 jCi sodium ['251]iodide and a reaction time of 30 min at room temperature. Unreacted ['25I]iodide was removed by chromatography on Sephadex G-25 (1 X 4-cm column) in 100 mM NaCl, I mM EDTA, 50 mM Tris-HCI, pH 7.5, containing 0.1% (wt/vol) BSA (NaCl/EDTA/Tris/BSA). The resulting "25I-labeled vWF had an estimated specific radioactivity of 5-7 Ci/g (corresponding to about one iodine atom per vWF subunit). It was-stored in aliquots at -80°C for use within 4 wk. Approximately 50% of this radioligand was receptor reactive (27) , when assessed by a procedure analogous to that used previously for chemotactic formyl peptides (28) .
Ristocetin-induced binding of '25"-labeled vWF to fixed platelets. '251-Labeled vWF (_ 5 ng) was incubated in the presence of 1 g/liter ristocetin with formalin-fixed platelets (5,000 cells/til, final concentration) in NaCl/EDTA/Tris/BSA (200 ,l). The incubation period of 1 h at 37°C was chosen (on the basis of preliminary studies) to ensure equilibration at the concentrations of radioligand and platelets used.
The binding reaction was stopped by addition ofa further 800 Al ofcold (4°C) assay buffer and immediate centrifugation at 15,000 g (10 min, 4°C). The supernatant fraction was aspirated and the 1251 content ofthe pellet then assessed by means of an LKB Produkter (Turku, Finland) CompuGamma 1282 gamma counter. Nonspecific binding (typically 7% of the added 125I-vWF) was assessed by parallel incubations in the absence of ristocetin; this method yielded estimates ofnonspecific binding that were indistinguishable from the traditional method (binding in the presence of excess nonradioactive ligand). Binding data were analyzed using the computer program PREBIND (written in QuickBASIC for the IBM-PC; IBM Instruments, Inc., Danbury, CT).
Other methods
The direct binding of heparin to platelets was determined as previously described (29) . Briefly, washed fresh platelets were incubated with a 3H-labeled unfractionated porcine heparin and centrifuged through silicon oil to separate bound from free heparin.
Heparins with high and low affinity for antithrombin III were prepared by affinity chromatography according to Anderson (30) . Molecular weight sizing of all heparins was confirmed in our laboratory by HPLC on a Synchropak GPCIOO column using polystyrene sulfonate and heparin standards. Uronic acid content was measured according to Blumenkrantz et al. (31) .
Fractionation of 0. 1-ml aliquots cryoprecipitate was performed in TBS with 1 mM EDTA on a 1 X 12-cm column of Sepharose 4B flowing at 10 ml/h, collecting 0.3-ml fractions. For each fraction, the protein content was determined spectrophotometrically by absorption at 280 nm; ristocetin cofactor (vWF) activity was determined by aggregometry using FP. When chromatography was done in the presence of heparin, a small amount of 3[H]heparin was added, and the heparin concentration in each fraction was detected by scintillation counting.
Results
Clinical studies ofheparinized patients 12 patients were studied during the administration of intravenous porcine heparin before cardiopulmonary bypass for coronary artery bypass surgery. To establish baseline levels of vWF function, samples of plasma obtained 24 h preoperatively were tested for vWF activity by measuring ristocetin-induced agglutination of normal FP suspended in the patient's plasma. Subsequent samples were obtained (a) before the induction of anesthesia ("preop"), (b) 15 min before intravenous heparin, and (c) 15 min after heparin. All these samples were obtained before the onset of cardiopulmonary bypass. Later, samples were collected 15 min before and after protamine administration, and 24 h postoperatively. Fig. 1 illustrates the relationship between heparin level and vWF activity. Ristocetin-induced platelet agglutination fell from 120% of baseline to 50% of baseline after intravenous heparin (a 58% decline, P < 0.01, paired t test). This sudden impairment of vWF-dependent platelet function could not be attributed to major clinical changes in the patient nor to extracorporeal circulation which had not yet begun. There was a close relationship between the mean heparin levels at different stages ofthe study and the corresponding vWF functional activity (r2 = 0.9 by linear regression analysis). These changes in vWF functional activity were not caused by changes in vWF concentration. Throughout the study, mean plasma levels of vWF antigen (measured by rocket electrophoresis) ranged from 99 to 200% ofnormal. During the interval of 15 min before and after heparin, mean vWF levels actually increased from 99 to 126% ofnormal, while functional activity fell from 120 to 50%. In vitro studies Ristocetin-induced agglutination. Unfractionated pharmaceutical grade porcine heparin inhibited agglutination in a dosedependent manner. Concentrations of heparin between 42-75 gM (80-140 U/ml plasma) completely suppressed ristocetininduced agglutination, while at plasma concentrations encountered clinically (1-5 U/ml, 0.5-2.6 ,uM) heparin still produced 10-15% inhibition. Fig. 2 A illustrates a dose-response curve developed from five independent experiments with an unfractionated porcine mucosal heparin (Mr 12,000). Experiments performed with fresh platelets in plasma gave similar results (data not shown). Intravenous heparin inhibits vWF-dependent platelet function. Blood samples were obtained during the period of heparinization for coronary artery bypass grafting. Using normal pooled fixed platelets suspended in patient plasma, ristocetin cofactor activity (agglutination) was expressed as a percentage of the baseline vWF activity in the 24-h preoperative sample. The concentration of heparin in the same plasma samples is expressed as anti-Xa U/ml plasma. Statistical significance was determined by the paired t test: platelet agglutination fell significantly after heparin (pre-versus post-heparin, P < 0.01), and rose significantly after protamine (pre-versus post-protamine P < 0.01). There were no statistically significant differences between the platelet function at the "preop" or "pre-heparin" point compared with the normal baseline 24 h preoperatively.
the presence of ristocetin. Using fluorescent flow cytometry of platelets in plasma, a concentration-dependent inhibition of binding was observed (Fig. 2 B) . Both the agglutination assay and the cytometer binding studies demonstrated a similar IC50
(concentration producing 50% inhibition) in a range of ,uM for unfractionated heparin (Mr 12,000) in the normal plasma milieu. In fact, the entire dose-response data for inhibition of agglutination and inhibition of binding by cytometry were closely correlated (r2 = 0.83, linear regression analysis of all data points for Mr 12,000 heparin in Figs. 2 A and B) . To further elucidate the inhibitory action of heparin on platelet-vWF binding we then performed binding experiments in an isolated plasma free system using fixed washed platelets, ristocetin, and purified 1251-labeled vWF (25 ng/ml) at concentrations below the anticipated Kd for heparin-vWF interaction. These studies (Fig. 2 C) show the same inhibitory pattern of dose response and molecular weight dependency that was observed in the agglutination and cytometric assays, although the IC50 for unfractionated heparin is much lower in the isolated radioligand assay system (-5 nM).
We hypothesized that the discrepancy between the different IC50's was due to: (a) a reduction in the free heparin concentration by heparin binding proteins present in plasma, and (b) inflation of the apparent IC50 in the agglutination and flow cytometric studies by the relatively large excess ofvWF present in plasma (-1,000-fold higher than in the radioligand assay). Therefore we restudied vWF-dependent platelet agglutination and its inhibition by heparin using a simplified system resem- bling that of the binding assay: fixed washed plate ristocetin, and the minimal concentrations of p necessary for agglutination. As expected, the obse inhibition of agglutination by unfractionated hep; 1,000-fold lower (20 nM) in this assay system, co the IC50 of heparin in plasma (30 ,gM).
Comparison ofheparinfractions. Fig. 2 illustra rin fractions of lower molecular weight (Mr 6,00 were respectively less inhibitory. The same motif of relative potency was observed in agglutination experiments, or binding measured by flow cytometry or radioligand assay. These molecular weight differences were apparent, whether the polysaccharides were compared by weight or on a molar basis. We chromatographed porcine mucosal heparin on insolubilized antithrombin III into fractions with high (> 600 U/mg) and low (< 50 U/mg) anti-factor Xa anticoagulant activity. These fractions were otherwise similar in molecular weight range and net charge as judged by GPC HPLC and isoelectric focussing. Table I demonstrates that both high and low antithrombin affinity heparins were equally potent inhibitors of platelet-vWF binding as unfractionated heparin.
In vitro studies without ristocetin The effects ofbovine and asialo-human vWF. Because a direct interaction between heparin and ristocetin might also explain heparin's inhibitory effects, agglutination experiments were performed with bovine vWF. Bovine vWF binds spontane- -4 _3 ously to platelet glycoprotein Ib, and does not require ristocetin as a cofactor for binding or agglutination (7) . Punified vWF absence of ristocetin. If the inhibitory effects of heparin were independent of ristocetin, we might expect heparin to also inhibit the binding of asialo-vWF to platelets. Therefore, sialic acid residues were removed from purified human von Willebrand factor by neuraminidase digestion as described by DeMarco and Shapiro (32) . To determine the effects ofheparin on asialo-vWF-platelet binding, pairs of fixed platelet suspensions were mixed with asialo-vWF in the presence and absence of heparin (21 gM, 40 U/ml) and vWF-platelet binding was measured by flow cytometry as previously described. Heparin reduced asialo vWF-platelet binding by 54±4% (mean±SD of two independent experiments). Heparin-platelet binding. Heparin's inhibition ofvWFbinding might result from heparin bound directly to glycoprotein lb (GpIb), the principal vWF receptor. To determine whether heparin was binding quantitatively to GpIb, we specifically blocked the receptor with monoclonal antibody 6D1 (33) , and then measured heparin-platelet binding (29) . Antibody blockade of GpIb should reduce heparin binding, if heparin binds significantly to this receptor. At concentrations that completely suppressed ristocetin induced agglutination, there was no significant change in the amount of heparin that bound to the platelet (109% of control binding±2.9%, mean+SEM ofthree independent assays).
Direct evidence of heparin-von Willebrand factor binding. Cryoprecipitate, heparinized cryoprecipitate (0.83 mM, 10 mg/ml), and heparin alone were sequentially passed over a Sepharose 4B column. The goals were to determine: (a) whether heparin would comigrate with the protein fraction containing von Willebrand factor, and ifso, (b) did the heparin bound to vWF in solution impair the ristocetin cofactor activity of those fractions? Fig. 4 summarizes these experiments. Ristocetin cofactor activity was limited to two to four fractions at the front of the void volume, as would be expected for the high molecular weight multimers ofvWF. When heparin alone Those fractions demonstrated reduced vWF activity when heparin was present (C versus H).
was applied to the column, it eluted in one broad later peak. However, when heparin mixed with cryoprecipitate was applied, a small portion of the heparin comigrated with the fractions containing von Willebrand factor activity. The ristocetin cofactor activity of those heparin/vWF containing fractions was reduced by an average of 56% (range 20-100%; see Fig. 4 ) compared with identical fractions obtained from the passage of cryoprecipitate alone.
Discussion
In this investigation we have demonstrated that there is significant impairment of von Willebrand factor function in the plasma of acutely heparinized patients. We have characterized the dose-response relationship of heparin inhibition of vWFdependent platelet function, and demonstrated a close correlation between inhibition of function (agglutination) and inhibition ofvWF-platelet binding. Finally, we investigated the mechanism of heparin inhibition of vWF function, demonstrating that: (a) heparin's effects were independent ofristocetin and (b) heparin most likely acted not at the platelet surface but in solution by binding vWF and impairing the capacity of vWF to bind the platelet. Flow cytometry has been successfully used to measure a number of different platelet-ligand interactions, including the binding of plasminogen (34) , fibronectin (35) , and von Willebrand factor (36) ; precise quantitative methods have been developed (37) . To complement and confirm the validity of our own cytometric binding studies, we also performed classical radioligand binding studies with '251-vWF and fixed platelets in a plasma-free system. A similar concentration-dependent inhibition of binding by heparin was observed, but at 1000-fold lower concentrations of heparin. While these studies performed in an isolated, purified system are most useful in exploring the mechanisms and affinity of the interactions between vWF and heparin, they may not accurately reflect the physiologic state of affairs where there is likely a large functional excess of vWF relative to heparin, and free heparin concentrations may be reduced by binding to other plasma proteins (38) . In addition, purified preparations of vWF may not precisely reflect the same heparin-binding properties of native vWF in plasma. The different binding methods (cytometric versus radioligand) point out the advantages of the flow cytometric method to this study: experiments can be performed in plasma using native ligand, and the results may be more directly applicable to in vivo phenomena.
In vitro, the inhibitory effects ofan unfractionated pharmaceutical grade of heparin were more potent than those of low molecular weight heparin fragments prepared by nitrous acid depolymerization. To analyze the stoichiometry of the action of the different heparins, they were compared on a molar basis rather than by weight. However, inhibitory potency appeared to be related to polysaccharide chain length, even when compared on the basis ofweight. Ifthere is a specific polysaccharide structure or sequence which favors binding vWF, it does not appear to resemble the antithrombin III-binding pentasaccharide, because both high and low antithrombin affinity heparins showed comparable inhibition of vWF function. The results of the cryoprecipitate chromatography experiments (Fig. 4) suggest that there could be a unique subset of heparin molecules with higher vWF affinity.
Because heparin and ristocetin are highly anionic and cat-ionic, respectively, we performed experiments in the absence of ristocetin to confirm the observed inhibitory effects of heparin.
Using fluorescent flow cytometry, we found that the spontaneous binding ofhuman asialo-von Willebrand factor to platelets was inhibited by heparin. Likewise, the agglutination of platelets by bovine vWF was inhibited by heparin in a manner parallel to the inhibition observed in the human plasma/ristocetin system. The heparin inhibition could be overcome by increasing concentrations of bovine vWF, suggesting that the principal interaction occurred in solution between vWF and heparin, not on the platelet surface. The radiolabeled vWF experiments illustrated in Fig. 2 C demonstrated a major inhibitory effect by heparin at concentrations in the nanomolar range. Our previous studies of heparin-platelet binding (29) have shown that less than 1% of the total heparin binding capacity of platelets is reached at such concentrations, representing, at most, 1,000 heparin molecules bound per platelet. This quantity of platelet-bound heparin would be impossible to saturate the available replicates ofGpIb (-26,000-30,000 [39] ). Thus, platelet-bound heparin is unlikely to account for the high degree ofinhibition ofvWF binding by heparin seen at these low concentrations. Blockade of GpIb with a monoclonal antibody did not reduce the quantity of heparin bound to the platelet either. These data all suggest that platelet-bound heparin is unlikely to account for most of the heparin inhibition of platelet-vWF interactions we have observed.
Fractionation of heparin-cryoprecipitate mixtures showed that a portion of heparin comigrated with high molecular weight proteins. These could have been heparin-fibrinogen-fibronectin complexes rather than vWF (40) . Yet these same fractions did possess ristocetin cofactor activity, which was reduced in the presence of heparin, suggesting that at least some ofthe protein was vWF. We are currently characterizing the Kd of heparin-von Willebrand factor binding directly, and exploring the specific heparin-binding domains of vWF (41) .
Heparin inhibition of agglutination appeared to be greater in vivo than in vitro. The plasma of acutely heparinized patients showed a 58% reduction in vWF activity (3-4 U/ml, 1.5-2.0 ,M), while comparable concentrations of heparin in vitro produced 10-15% inhibition. These differences could not be attributed to changes or differences in the concentration of vWF antigen. In vitro, the pooled plasma contained a consistent amount of von Willebrand factor. In vivo, plasma vWF concentrations were measured to be higher than normal and rose further at the time ofheparin administration. This discrepancy in heparin's in vitro versus in vivo effects may be an artifact of our methods for measuring heparin. For (38) . This explanation is further supported by the radioligand binding assays and agglutination experiments which showed even greater heparin potency in a plasma-free medium. This specific clinical model was chosen for study due to the consistency and reproducibility of heparinization of a patient population without major preexisting pathologic thromboses or hemorrhagic diathesis. Historically, Pekcelen et al. first suggested that heparin might be responsible for the impairment of vWF function observed during bypass cardiopulmonary (42). Weinstein and colleagues, in their study ofthe kinetics ofvWFantigen levels during cardiopulmonary bypass, observed as we did that vWF levels generally rose to supranormal levels at the conclusion of bypass and in the early postoperative period. They found that the group of patients with lower initial levels of vWF and smaller postoperative increases suffered greater perioperative blood loss (43) .
Although heparin is ultimately neutralized with protamine after open heart surgery, our current data still have relevance for the more common clinical setting where heparin is not neutralized and therapy is longer term (e.g., for venous thromboembolism). Without protamine neutralization, heparin inhibition of vWF-dependent hemostasis may be even more clinically significant even though the absolute doses of heparin are lower. The dramatic inhibition we observed with a single intravenous injection of heparin is in keeping with early observations that intermittent intravenous injection of heparin resulted in more bleeding complications (2) . But even continuous intravenous infusion may cause hemorrhage in spite of adequate monitoring if patients have diminished plasma levels of vWF, or possess a range of lower molecular weight multimers. Because pharmaceutical heparins are heterogenous, the anti-vWF effects of different preparations must also be considered.
Several preliminary conclusions can be made about the structure-activity relations of the heparin-vWF interaction. Heparin fragments of lower molecular weight showed less inhibitory potency; high and low antithrombin affinity heparins were equivalent. These observations do not rule out the possibility that there is some polysaccharide structure with higher affinity for vWF. Separation ofheparin and vWF on Sepharose 4B suggested that there could be a subfraction ofheparin molecules with specific vWF-binding affinity. We are currently investigating the identity of this heparin subfraction. Based on the structure-activity maps of von Willebrand factor proposed by Mohri (17, 44) and Sixma (45) , the domain ofvWF responsible for binding platelet GpIb is coincident with an important heparin-binding region. We have recently characterized this heparin-binding domain even more precisely (41) . It is feasible that heparin bound to vWF could produce steric hindrance or alter the conformation of the molecule sufficiently to impair vWF binding to GpIb. Heparins of longer chain length may be more effective in exerting their effects on vWF, or may possess more subunits that bind vWF.
The unique effects of heparin on von Willebrand factor function which we have observed open a potentially broad area for further investigation and therapeutic application. Additional study is needed to elucidate the specific structural determinants of heparin's affinity for vWF. The stoichiometry of heparin-vWF binding and the influence of multimeric size must also be determined. Ultimately, new heparins could be developed for clinical use which are effective plasma anticoagulants but lack the hemorrhagic side effects which stem from interference with vWF function. Conversely, heparins with potent anti-vWF activity might be useful where there are areas of pathologic high shear stress (e.g., coronary artery stenoses) where von Willebrand factor-mediated platelet aggregation or adhesion may be prominent (14) .
